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Binding interactions of collagen |,
laminin and fibronectin with immobilized
Escherichia coli O157:H7 using a
surface plasmon resonance biosensor

Introduction

Escherichia coli O157:H7 is an enterohemorraghic pathogen
that has caused many outbreaks of foodborne illness linked
to the consumption of undercooked contaminated ground
beef (Bean et al. 1997; Bell et al. 1994; Council for
Agricultural Science and Technology, 1994). Outer surfaces
of the beef carcass can be contaminated with E. /i
0157:H7 after slaughter. This surface (fascia) is composed
of the connective tissue that lies between the skin and
skeletal muscle and can be the site for bacterial adhesion.
Extracellular matrix (ECM) proteins such as collagen I,
laminin, fibronectin and the glycosaminoglycans (GAGs)
are major components of these tissues. It is necessary to
understand the interactions of the bacterial surface mole-
cules with macromolecules of the fascia or connective
tissues to elucidate the mechanisms of bacterial attachment
to animal tissues.

A surface plasmon resonance biosensor, the BIAcore, allows
a direct real-time detection of the binding, association and
dissociation rates of the reactions without chemical label-
ing for signal generation (Medina, 1997). The BlAcore had
been utilized to study interactions of ECM macromolecu-
less with bacterial cell surface adhesins. The attachment of
collagen-binding adhesins of Staphylococcus aureus with car-
tilage and other host tissues were reported Patti et al.
(1993; 1995). House-Pompeo ez al. (1994) reported the
binding interactions of collagens I-VI and fibronectin with
recombinant forms of collagen binding surface adhesins
and the binding kinetics of recombinant fibronectin adhe-

sins from gram positive bacteria. Holmes ez /. (1997) also
showed that the immobilized fibronectin bound with dif-
ferent fibronectin binding proteins from S. aureus and
Staphylococcus epidermidis. A suface plasmon resonance bio-
sensor has not been utilized to study the binding inter-
actions of extracellular matrix proteins and E. coli cell
surface macromolecules.

We reported the use of the BIAcore to determine the
binding properties of immunoglobulin (IgG) with the
surface molecules of immobilized E.coli O157:H7 cells
(Medina ef 2. 1997). This study demonstrated the feasi-
bility of using the surface antigens of immobilized whole
cells as ligands to determine the apparent association and
dissociation rate constants of anti-E. co/i IgG. This research
provided a model system to study the binding interactions
between the extracellular matrix proteins and the binding
molecules of the immobilized E. coli cells.

In this study, we determined the binding characteristics of
collagen I, laminin, fibronectin, hyaluronic acid and chon-
droitin sulfate with immobilized E. coli O157:H7 cells,
effects of NaCl and calcium ion on binding, minimum
concentration of guanidine-HCl which could effectively
regenerate the sensor surface, and the apparent association
and dissociation rates and binding constants of collagen I
and laminin. Results obtained from this research will be
utilized to study bacterial binding to connective tissues
and will help design methods to control contamination of
meat surfaces with pathogens.



Materials and methods

Culture and preparation of cells

E. coli O157:H7 88.1558 (E. coli Reference Center, Uni-
versity Park, PA) was maintained on tryptic soy agar (Difco
laboratories, Detroit, MI). The bacteria were grown in
nutrient broth (Difco) at 37°C with aeration. Five ml of
cultures grown at 5, 8, and 24 h were transferred to a 15
ml conical polypropylene tube, centrifuged at 2000g for 10
min. The supernatant fluid was aspirated and the packed
cells were resuspended in 5 ml of either 0.1M phosphate
buffer (pH 7.2) or 10 mM sodium acetate buffer (pH 4). A
100 l of bacterial suspension was transferred to microtiter
wells and the optical density (OD) was measured at 405
nm. Cell suspensions with 0.7-0.9 OD (approx. 1 X 10°
cfu/ml) were utilized for immobilization.

BlAcore analysis

These studies were performed on the BIAcore 1000 equip-
ped with a BIAlogue command software. The guidelines
from the manufacturer (Biosensor, Inc. Uppsala, Sweden)
were followed for the preparation of the sensor surfaces,
binding, interpretation of the sensorgrams and kinetic
evaluation using the BIAevaluation 2.1.

Immobilization

The dextran sutface of the flow cells (on the sensor chip
was activated with 10 pl of a mixture of equal volumes of
N-hydroxysuccinimide (NHS, 115 mg/ml) and N-ethyl-
N = -(dimethylaminopropyl) carbodiimide (EDC, 750
mg/ml), followed by the injection of the bacteria. Aliquots
(15 wb) of 5, 8 and 24 h bacterial cell suspensions were
immobilized on the surface of Flow Cells 1, 2, and 3,
respectively. The remaining activated dextran, not cova-
lently bound with the cell surface, was blocked with 10 .l
ethanolamine. The reagents (EDC-NHS, bacteria, ethano-
lamine) were injected at a flow rate of 1 wl per min. Hepes/
buffered saline (HBS) pH 7.4, containing 10 mM Hepes,
3.4 mM EDTA, 0.15 M NaCl and 0.005% BIAcore P20
(v/v) was utilized as the running buffer.

Macromolecular binding and regeneration

Sodium phosphate buffer (0.1 M, pH 7.2) was utilized as
dilution buffer and binding (running) buffer. Guanidine
(0.5, 0.75, 1.0, and 2 M) was acidified with HCI to pH 2.5
and the minimum concentration which can effectively
regenerate the sensor surface was determined. A chemically
characterized collagen I (Chang ¢ /. 1996) was used in
this study and was a gift from Dr. Paul Chang (Matrix
Pharmaceutical, Fremont, CA). Laminin, fibronectin
(bovine plasma), hyaluronic acid from bovine trachea and
chondroitin sulfate A were obtained from Sigma. Collagen
I, laminin and fibronectin were analyzed at 50 or 100 pg/
ml while hyaluronic acid and chondroitin sulfate (100 and

400 wg/ml, respectively) were injected in a volume of 20
or 30 pl with a flow rate of 2 wl/min. The sensor surface
bound with analytes was regenerated by using 2 pulses
(1 pl each) of 0.75M guanidine-HCl, pH 2.5. Binding
interactions of 10 mM calcium chloride or 0.15 M sodium
chloride added to 10 mM phosphate buffer were observed.
Phosphate buffer (10 mM) without CaCl, or NaCl was
used as running buffer.

Collagen I, laminin, and fibronectin were mixed as binary
or ternary mixtures prior to the BIAcore analysis. Four
different sensor chips were immobilized with E. coli and
utilized in these binding studies. Binding interactions of
the extracellular matrix components with cell surfaces of
the 5, 8 and 24 h cultures were observed. Phosphate buffer
(0.1 M, pH 7.2) was used as dilution and running buffers.
The kinetic values of dissociation and association rate
constants were determined using BIAcore’s BlAevaluation
software.

Results and discussions

Extracellular membrane macromolecules
Chondroitin sulfate and hyaluronic acid exhibited no bind-
ing with the bacterial sensor surface even at 400 pg/ml.
However, all concentrations of laminin and collagen I
bound to the immobilized cell surfaces. Sensorgrams show-
ing typical binding responses of the ECMs are shown in
Figure 1. Laminin (100 pg/ml) binding generated 1395,
1251, and 1145 Response Units with 5, 8 and 24 h
cultured cell surfaces, respectively. Speziale et 2/. (1982)
described laminin binding with the hair-like structures
(pili) of uropathogenic E. coli, but, laminin did not bind
with the S. aurens surface. Collagen I (50 (g/ml) binding
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Figure 1 An overlay sensorgram showing the binding of
200 nM fibronectin (FN), 125 nM laminin (LM), and 172
nM collagen | (Cl) vs PBS (phosphate buffer). The sensor
surface was immobilized with E. coli which had been
cultured for 8 h. RU between the start and end of sample
injection indicate the total molecular mass detected by
the photodiode array but the captured molecular mass
after sample injection is indicated as bound molecules.



Table 1
their apparent association and dissociation rates.

Binding responses of fibronectin, laminin and collagen | with the immobilized E. coli 0157:H7 cells and

Flow cell no. Culture, h RU bound Dissociation rate, Association rate
(Sensor RU) (optical density) Sample injected (RU desorbed) ky (s7) k, (M S™)
1 (3RU) 5 Fibronectin (-180)
(0.70) 100 pg/ml (-34)
(200 nM) (-635)
Laminin 1395 1.17x10™ 1.59 x 10*
100 pg/ml 1201 8.64 x 10 1.86 x 104
(125 nM) 884 4.69x107° -1.01 x 10*
Collagen | 1068 3.90x10° 1.02 x 10*
50 pg/ml 980 1.62x10™* 2.18 x 10*
(172 nM) 927 9.12x10™* 1.17 x 104
2 (273 RU) 8 Fibronectin 91
(0.972) 100 pg/ml (-10)
(200 nM) (-101)
Laminin 1251 6.16 x 10 1.50 x 10*
100 pg/ml 775 9.42 x 107 1.41 x10*
(125 nV) 457 3.12x 1078 -1.38 x 10*
Collagen | 524 -2.78 x 107 1.64 x 10°
50 pg/mi 265 -2.80x10™ 0.83x 10°
(172 nM) 219 1.56 x 1078 5.28 x 10°
3 (269 RU) 24 Fibronectin 109
(0.940) 100 pg/ml 67
(200 nM) (-265)
Laminin 1145 7.96 x 107 1.42 x 10*
100 pg/ml 641 1.13x 107 1.66 x 10*
(125 nM) 426 2.19x 107 4.23 x 10°
Collagen | 488 -2.64 x10™ 1.53 x 10°
50 pg/ml 249 -2.95x 10 -1.04 x 10*
(172 nM) 486 2.20x 107 1.40 x 108

with the 5, 8 and 24 h cultured cell surface generated
1068, 1251, and 488 RU, respectively. Fratamico et al.
(1996) also showed binding of collagen I with this E. co/i
strain. Fibronectin had lower binding than collagen I or
laminin but the binding response increased from 5 to 8 to
24 h cell surfaces (—180, 91, 109 RUs). The negative RU
indicated that residual bound proteins on the sensor surface
were detached by fibronectin when a 5-h cell culture was
used as the sensor sutface.

In this study, production of curli was prominent in the 8 h
culture and increased at the 24 h culture (data not shown).
However, electron micrographs of the curli produced by
the same strain of E. co/i O157:H7 88.1558 grown over-
night had been shown previously (Fratamico ez 2. 1996).
Olsen et al. (1989) also reported that coiled surface struc-
tures (curli) produced by certain E. coli strains had the
ability to bind fibronectin and suggested the mediation of
fibronectin with virulent E. co/i. However, earlier studies

by Speziale et a/. (1982) showed no binding of fibronectin
to any of the uropathogenic E. co/i strains tested.

The sensor surfaces bound by the ECM proteins were
regenerated with two 30 s pulses of guanidine-HCI
(0.75M, pH 2.5) removing 85-99% of collagen I and
laminin from sensor surfaces bound with individual com-
ponents. When the sensor surfaces were exposed to differ-
ent ECM components, complex interactions occurred, such
as generation of complexes with strong affinity to the
bacterial surface leaving residual proteins on the sensor
surface as shown by an increase in background surface RU
after guanidine-HCl regeneration. This residual bound
complex blocked binding sites on the bacterial surface as
shown by a decrease in collagen and laminin binding in the
second and third replicate analysis (Table 1). Fibronectin
mediated removal of these complexes from the sensor
surface. Table 1 also shows the sensor surface characteristics
and the relative apparent dissociation rates of laminin and
collagen determined by the BIAevaluation system. There
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Figure 2 Interactions of 10 mM calcium chloride and 10 or 100 mM phosphate buffer (pH 7.2) with 172 nM collagen

I (A) and 125 nM laminin (B).

was an apparent increase in dissociation rates (k, values) in
the 2nd and 3rd replicates. These kinetic values can be
considered as preliminary kinetic values while ongoing
research artempts to improve the precision and reproduci-
bility of these binding interactions.

The ECMs were injected at a flow rate of 2 pl/min and
were allowed to bind with the sensor surface for 10 min.
The sensor surface was regenerated with 0.75 M gua-
nidne-HCI, pH 2.5 (2 X 30 sec pulses). Three replicate
experiments wete performed using same sensor chip. Hep-
aran sulfate was utilized in the latter 2 experiments. RU
(response unit) bound is the molecular mass captured by
sensor surface. The negative RU indicate desorption of
some proteins that remained on the sensor surface or loss of
the bacterial sensor surface. Affinity constants (K = k /k,,
M) ranged from 107 to 10° M.

The association rates were in the range of 10° to 10* and
had greater variability with the sensor surface with which
24 h cells were immobilized. The changes and variabilities
in kinetic values are presumably due to the complex
interactions of the ECMs on the bacterial surface, presence
of multiple binding sites on the bacterial sensor surface
and the ECMs, and the large molecular mass and hetero-
geneity of laminin (M, = 800,000) and collagen
(M, = 290,000). Kinetic analysis of collagen binding indi-
cated that collagen I rebound on the sensor surface or
matrix during the dissociation phase and this rebinding
may have resulted in negative k, values. The negative
association rate values of laminin were perhaps due to a
large ratio of mass effect versus the binding signals which
are not the ideal conditions for kinetic analysis by the
BlAevaluation system. Fibronectin (M, = 500,000) gen-

erated very low binding signals and its dissociation rates
were not determined.

Tonic concentrations of 10 and 100 mM sodium phosphate
buffer, pH 7.2 had no effect on ECM binding with the
bacterial sensor surface (Figure 2). However, addition of
150 mM NaCl inhibited binding of all ECM proteins.
Calcium chloride (10 mM) added to 10 mM phosphate
buffer inhibited binding of laminin while it enhanced
binding of collagen and fibronectin. Results from this
study suggest that calcium mediated the binding of colla-
gen I and fibronectin with the E. co/i surface. The binding
effects of collagen and laminin are shown in Figures 2a and
2b. Response Units generated from the interactions of
calcium treated fibronectin with the 5, 8, and 24 h
bacterial sensor surface were 248, 537 and 307 RUs and
were —269, —393 and —539 RUs from untreated fibro-
nectin, respectively. Again, this data suggests a calcium
enhanced binding of fibronectin with E.coli surface.

Similar results wete reported by Kramer (1994) showing
that Ca™? inhibited binding of laminin with integrin. In
contrast, Mg?" or Mn®" were also required in integrin-
mediated adhesion of cells to collagen. Ca** and Mg?* also
enhanced binding of collagen to fibroblasts (Kleinman et
al. 1978). Calcium and collagen I interactions are also
demonstrated in bone structure (Brodsky and Eikenberry,
1982) where the collagen fibrils are associated with
hydroxyapatite (calcium phosphate hydroxide). Landis
(1996) described the association of calcium with collagen
in bones and connective tissues and further showed that
calcium interacted with the telopeptide portion of colla-
gen.
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Figure 3 Synergistic binding effects of binary mixtures
of collagen and the relative binding responses of colla-
gen | (Cl), laminin (LM) and fibronectin (FN) over the
bacterial sensor surface immobilized with an 8 h E. coli
0157:H7 culture. Individual and binary mixtures con-
tained 50 pg/ml each of Cl, FN and LM while the ternary
mixture contained 33 p.g/ml of each protein.

Binary combinations of laminin, collagen I and fibronectin
showed synergistic binding effects with the bacterial sensor
surface (Figure 3). Laminin-collagen and fibronectin-
collagen had higher binding responses compared to the
binding of the individual compounds at an equal concen-
tration. In contrast, fibronectin in combination with lam-
inin and collagen had inhibitory effect shown by the
reduced binding response compared to binding of laminin-
collagen. In Figure 3, responses generated by individual
proteins were lower than previous experiments on same
sensor surface. Another experiment on same sensor surface
showed 286, 654, and 259 RUs generated from the
binding of 33.3 pg/ml each of fibronectin-collagen,
laminin-collagen and fibronectin-laminin-collagen I mix-
tures, respectively. The results from our studies suggest
that the synergistic binding responses of the combination
of laminin and collagen I mediated binding with the E. co/
0157:H7 surface. In contrast, fibronectin in combination
with laminin and collagen had an inhibitory effect shown
by the reduced RUs compared with the binding of binary
pairs, laminin-collagen and fibronectin-collagen.

Studies showed that fibronectin interacted with collagen
(Engvall et al., 1978; Dessan et al., 1978; Kleinman e al.,
1978). Cold insoluble globulin from serum inihibited
binding of CHO (Chinese hamster ovary) and fibroblast
cells to collagen coated sutfaces. Visai ez a/. (1990; 1991)
found that fibronectin and laminin also bound to an
enterogetoxigenic strain of E. co/i and that laminin com-
peted with collagen binding sites. Olsen ez 2. (1994) also
reported that collagen I inhibited fibronectin-enhanced
binding of curli expressing E. co/i to skin. They also
observed that fibronectin which bound to the curli medi-
ated bacterial attachment to the reticular layer and sug-
gested that collagen I in the ocular tissue acted as the
binding receptor. Laminin and collagen IV network and

their interaction was shown by Yurchenco and Schittny
(1990) in a model system. The assembly and interactions of
extracellular matrix proteins including collagen, laminin
and fibronectin were reviewed by Beck and Gruber (1995).
Ofek and Doyle (1994) also reviewed recent developments
in adhesion characteristics of various strains of E. coli to
animal cells and their interactions with ECMs and other
compounds. Such interactions varied with different E. coli
strains.

Cell aggregation assay

Detection of cell aggregation by optical density measure-
ment at 405-650 nm did not clearly show differences
between treatments. The 24 h cultured cells packed closely
along the sides of the wells indicating greater hydrophobic
attraction to the polystyrene walls compared to the 8 and
5 h cultures. The 24 h cultured cells had a dense network
of pili or curli (data not shown). Fratamico ez a/. (1996)
had shown the surface structures of this E. co/i strain and
its interaction with collagen.

Effects of collagen, laminin, fibronectin, hyaluronic acid
and chondroitin sulfate on cell aggregation was observed
through an optical microscope at 40 X magnification. At
this magnification, cell aggregation was observed when the
bacterial cells were treated with collagen I or laminin and
aggregation was clearly detectable compared to cells sus-
pended in PBS. Collagen I showed larger aggregates than
laminin aggregates (data not shown). Effects of fibronectin
were not clearly discernible compared to self aggregation of
the bacterial cells. When fibronectin was combined with
collagen I and laminin, there was less cell aggregation
compared to effects on the cells by either collagen or
laminin. Chondroitin sulfate and hyaluronic acid had no
effects on E. coli cell aggregation. These results are in
agreement with the chemical interactions shown by the
BIAcore studies. Electron microscopy studies of these
interactions are in progress and will be reported separately,
but the preliminary data also confirms the results observed
with the BIAcore and optical microscopy.

Conclusions

Real-time analysis of the binding of collagen I, laminin,
fibronectin and glycosaminoglycans with immobilized E.
coli O157:H7 cells showed the adhesive properties of the
macromolecules with the bacterial sutface. Laminin and
collagen bound with the bacterial sensor surface and when
combined, binding with the bacteria was enhanced while
fibronectin reduced the binding of the mixture. Saline had
inhibitory binding effects while hyaluronic acid and chon-
droitin sulfate had no interaction with E. coli O157:H7
surface. Calcium inhibited laminin binding but enhanced



collagen I binding. These interactions suggest the complex
nature of attachment of tissue macromolecules with bacte-
rial surfaces. This study demonstrates the use of the
BIAcore to screen for the binding properties of unmodified
macromolecules with immobilized bacterial cells. This
model system will lead us to effectively screen for com-
pounds which can inhibit or detach binding of food
pathogens on carcass surfaces of slaughtered farm ani-
mals.

References

Bean, NH, Goulding, JS, Lao, C and Angulo, FJ (1996). Morbid-
ity and Mortality Weekly Report 45:1-66

Beck, K and Gruber, T (1996). Structure and assembly of
basement membrane and related extracellular matrix proteins.
In: Principles of Cell Adbesion, PD Richardson and M Steiner,
eds pp 219-252, Boca Raton, USA: CRC Press

Bell, BP, Goldoft, M, Griffin, PM, Davis, MA, Gordon, DC, Tarr,
PI, Bartleson, CA, Lewis, JH, Barret, T7J, Wells, JG, Baron, R
and Kobayashi, (1994). ] Am Med Assoc 272:1349-1353

Brodsky, B and Eikenberry, EF (1982). Methods Enzymol
8:127-173

Chang, PKT, Roth, M, Eberlein, G and Jones, R (1996). Pizss-
burgh Conference, Chicago, IL March 3-8, 1996, Abstract No.
389p

Council for Agricultural Science and Technology (CAST) (1994).
Foodborne Pathogens: Risks and Consequences, Task Force Report
No. 122

Dessau, W, Adelman, BC, Timpl, R and Martin, GR (1978).
Biochem J 169:55-59

Engvall, E (1978). J Exp Med 147:1584-1590

Fratamico, PM, Schultz, FJ, Benedict, RC, Buchanan, RL and
Cooke, PH (1996). J Food Prot 59:453-459

Holmes, SD, May, K, Johansson, V, Markey, F and Critchley, IA
(1997). J Microbiol Meth 28:77-84

House-Pompeo, K, Oakley Boles, J and Hook, M (1994). Meth-
ods; A companion to Methods Enzymol 6:134-142

Kallenius, G, Mollby, R, Svenson, SB and Winberg, J (1981).
Lancet 1i:866

Kleinman, HK, McGoodwin, EB, Martin, GR, Klebe, RJ, Fiet-
zek, PP and Woolley, DE (1978). J Biol Chem
253:5642-5646

Kramer, R (1994). In: Methods Enzymol, E Ruoslahti and E
Engvall, eds 245:129-147

Landis, WJ (1996). Connect Tissue Res 34-5:1-8

Medina, MB, Van Houten, L, Cooke, PH and Tu, SI (1997).
Biotechnol Tech 11:173-176.

Medina, MB (1997). Food Testing and Analysis 3:14

Ofek, I and Doyle, R] (1994). Bacterial Adbesions to Cells and
Tissues. Chapman and Hall, New Yok, USA

Olsen, A, Jonsson, A and Normark, S (1989). Nature
338:652—-655

Olsen, A, Arnqvist, Hammar, M and Normark, S (1994). Infect
Agents and Dis 2:272 274

Patti, JM, Boles, JO and Hook, M (1993). Biochemistry
32:11428-11435

Patti, JM, House-Pompeo, K, Boles, JO, Garza, N, Guru-
siddappa, S and Hook, M (1995). ] Biol Chem
270:12005-12011 .

Persson, E, Ezban, M and Shymko, RM (1995). Biochemistry
34:12775-12781

Sanderson, K, Thomas, CJ and McMeekin, TA (1991). Biofouling
5:89-101

Speziale, P, Hook, M, Wadstrom, T and Timpl, R (1982). FEBS
Lett 16:55-58

Visai, L, Speziale, P and Bozzini, S (1990). Infect Immun
58:449-262

Visai, L, Bozzini, S, Petersen, TE, Speciale, L and Speziale, P
(1991) FEBS Lett 290:111-114

Yurchenco, PD and Shittny, JC (1990) Fed Am Soc Exp Biol J
4:1577



